a transient dip in the expression of LH in the last few days before the normal time of spontaneous parturition. Chronic treatment with estradiol decreased LH and FSH mRNA, but increased PRL mRNA abundance after BCO. In contrast, BCO alone increases the abundance of LH, but not FSH or PRL mRNA in fetal pituitary. Plasma LH concentrations were not increased in response to BCO. Conclusions: We conclude that the late-gestation fetal sheep responds to hypotensive stress with increases in LH mRNA but not LH secretion. LH, FSH and PRL changes are therefore unlikely to contribute to the fetal response to cerebral hypoperfusion.
stress. Of particular interest to us is the influence of fetal stress on hormonal systems potentially controlling estrogen biosynthesis in the fetus. Estrogen influences fetal neuroendocrine responsiveness to stress [2, 9] ; changes in fetal plasma estradiol [10] and estradiol-3-sulfate concentrations [11] stimulate fetal HPA axis activity.
We have suspected that pituitary hormones other than ACTH might respond to fetal stressors. This possibility seems feasible to us in light of the apparent dissociation of ACTH and cortisol responses to cerebral hypoperfusion [12] , combined with the possibility that pituitary hormones other than ACTH or pro-opiomelanocortin (POMC) might alter adrenal and placental steroidogenesis [13, 14] . We speculated that there might be involvement of the fetal hypothalamic-pituitary-gonadal axis in fetal stress responses because we had previously demonstrated that cerebral hypoperfusion resulted in upregulation of estrogen receptor ␣ in the fetal pituitary and medullary brainstem [15] . We hypothesized that gonadotropins and/or prolactin (PRL) are upregulated in fetal pituitary in response to hypoperfusion stress and that the synthesis of these hormones in both unstressed and stressed fetuses is modulated by estrogen. The present study is a test of this hypothesis.
Materials and Methods

Experimental Protocols Study 1: Ontogeny of Pituitary Hormone mRNA Expression.
We analyzed pituitary mRNA previously isolated and converted to cDNA as a part of a previously published study of genes integral to the function of the HPA axis [16] . We collected pituitaries from fetal sheep at 80, 100, 120, 130, and 145 days of gestation, and at 1 and 7 days postnatally (n = 4-5/group). The animals used in this study were not instrumented or chronically catheterized, so tissues were collected from unstressed and otherwise untreated animals. The details of the tissue collection have been previously described [16] .
Study 2. We studied 16 fetal sheep that were 124-128 days of gestation at the time of study. Blood pressure, blood gas, plasma hormone data, and gene/protein expression data for prostaglandin endoperoxide synthase and nitric oxide synthase isoforms in these experiments have been published elsewhere [17, 18] . The fetuses were chronically catheterized with vascular catheters in femoral and lingual arteries and an extravascular occluder (8 mm diameter; In Vivo Metric, Ukiah, Calif., USA) was placed around the brachiocephalic artery, as previously described [17, 18] . One half of the fetuses were treated with subcutaneous pellets that released approximately 0.25 mg estradiol per day and increased fetal plasma estradiol concentration to 103 8 12 pg/ml. The other half of the fetuses received placebo pellets, and plasma estradiol concentrations of 62 8 6 pg/ml were measured in this group [17] . Experiments were performed after at least 5 days of recovery from surgery and while the animals were conscious. Each fetus was subjected to a 10-min period of brachiocephalic occlusion (BCO), a manipulation that lowers cerebral perfusion pressure and flow but is not severe enough to cause any histologically identifiable tissue damage [19] . Before, during, and after the BCO, femoral and lingual arterial pressures and amniotic fluid pressures were measured using disposable transducers, National Instruments (Austin, Tex., USA) analog-to-digital conversion board and LabView software (National Instruments). Changes in lingual arterial pressure were used to confirm the efficacy of the BCO. One hour after the onset of BCO (50 min after the termination of BCO), fetuses were humanely euthanized and tissues were rapidly dissected and snap-frozen as previously described [17] .
Study 3: Plasma Luteinizing Hormone Responses to BCO. In a separate group of 12 fetuses, we measured the fetal plasma luteinizing hormone (LH) responses to BCO. These fetuses were surgically prepared as described in study 2, and were 124-136 days of gestation on the day of study. BCO was performed as described in study 2. Fetal blood samples were drawn for hormone (5 ml each) and blood gas (1 ml each) analysis. Blood for hormone analysis was centrifuged at 3,000 g for separation of plasma from erythrocytes; the plasma was divided into two equal aliquots and frozen at -20 ° C until analysis. Plasma LH concentrations were measured using a commercial immunoradiometric assay from DSL Labs (catalog number DSL-4600; Webster, Tex., USA). Blood gases were analyzed using a Radiometer ABL77 blood gas analyzer (Radiometer Corp., Copenhagen, Denmark). Throughout each experiment, fetal arterial blood and amniotic fluid pressures were measured as described for study 2. Blood pressure and blood gases from these experiments have been reported previously [20] .
mRNA Analysis mRNA was isolated using Trizol (Life Technologies, Invitrogen, Carlsbad, Calif., USA) according to the manufacturer's instructions. Total mRNA in each sample (4 g) was converted to cDNA with a High Capacity cDNA Archive kit using the methodology recommended by the kit manufacturer (Applied Biosystems, Foster City, Calif., USA). The newly synthesized cDNA, stored at -20 ° C, was used for assay of mRNA for ovine LH, ovine follicle-stimulating hormone (FSH), and ovine PRL by real-time polymerase chain reaction. Real-time polymerase chain reactions were run using AmpliTaq Gold DNA Polymerase (Applied Biosystems) and primers and probes (Applied Biosystems) were specifically designed using Primer Express software (Applied Biosystems). Probes were labeled with 6-carboxyfluoresceine (6-FAM) or VIC in the 5 position and carboxytetramethyl rhodamine (TAMRA) in the 3 position. Sequences of primers and probes have been reported previously [21] . In each sample, 18S ribosomal RNA was also measured using real-time reverse transcriptase polymerase chain reaction methodology, with probes, primers, and reagents purchased from Applied Biosystems. All mRNA abundances for genes of interest were normalized to the abundance of 18S rRNA, using the relative cycle threshold ( ⌬ Ct) method. All reactions were performed in an ABI Prism 7000 Sequence Detection System (Applied Biosystems), using 100 ng of cDNA, 100 n M primers, and 200 n M probes.
Reactions were amplified using the following conditions: 48 ° C for 30 min and 95 ° C for 10 min, followed by 40 cycles of 95 ° C for 15 s and 60 ° C for 1 min. For all assays, we ran appropriate 'no reverse transcriptase' (reaction using mRNA alone as the substrate) and 'no template' (reaction using no cDNA) controls.
Statistical Analyses
In study 1, mRNA abundances were analyzed statistically using two-way analysis of variance (ANOVA) of the measured values of ⌬ Ct [17] . In study 2, mRNA abundances were analyzed using twoway ANOVA. In study 3, variables were analyzed using one-way ANOVA. The criterion for acceptance of statistical significance for all analyses was p ! 0.05. Post hoc analysis of the data was performed using the Bonferroni test. For graphical representation, fold changes in mRNA abundance from the mean abundance in the 80-day group (study 1) or in the 'control/control' group (placebo pellet, no BCO in study 2) were calculated as 2 -⌬ ⌬ Ct [22] .
Results
Ontogeny of Gonadotropin and PRL Expression
The responses to BCO and estradiol were studied at approximately 85% gestation (term in fetal sheep is approximately 147 days of gestation). PRL mRNA abundance was dramatically increased in late gestation, significantly increased by 120 days of gestation (compared to 80 days of gestation) and by 130 days of gestation and throughout the first week of postnatal life, compared to 100 days of gestation ( fig. 1 a) . LH mRNA abundance was relatively constant, except for a statistically significant and transient decrease in the term (145 days of gestation) fetuses ( fig. 1 b) . FSH mRNA abundance was increased in fetuses at 100, 120, 130, and 145 days of gestation and in lambs at 7 days postnatally compared to fetuses at 80 days of gestation ( fig. 1 c) .
Gonadotropin and PRL Responses to BCO and Estradiol LH mRNA was significantly increased by BCO (p ! 0.005 by two-way ANOVA), but not significantly altered by estradiol treatment ( fig. 2 ) mRNA abundance was also revealed by significant differences (p ! 0.05 by Bonferroni test) between BCO-treated and BCO-untreated groups in both placebo and estradiol-treated fetuses. There were no statistically significant changes in either FSH or PRL mRNA resulting from either BCO or estradiol treatment ( fig. 2 ) . In a separate experiment (study 3), we tested the hypothesis that plasma concentrations of LH are increased in response to BCO. We measured plasma LH concentrations before, during, and after BCO ( fig. 3 ). Hemodynamics are shown in figure 3 for comparison, although values of these variables have been reported as a part of a larger study [20] . BCO decreased lingual arterial pressure (downstream from the occlusion) and stimulated reflex increases in femoral arterial blood pressure and heart rate. Although these fetuses responded to the BCO with endocrine responses typical of responses to stress (increased POMC, ACTH, and cortisol plasma concentrations as previously reported), plasma LH concentrations were low and not significantly increased by the BCO ( fig. 3 ).
Discussion
The results of the present study reveal that hypotension stimulates pituitary expression of LH mRNA without an accompanying increase in fetal plasma LH concentrations. The results are consistent with the conclusion that plasma LH, FSH, and PRL do not respond to acute fetal stress in late gestation, using BCO as a model of acute stress.
Prolactin
Our studies demonstrate an increase in PRL as the fetus matures. In the adult, PRL is stimulated by estrogen [23] . For example, PRL is dramatically increased in pregnancy [24] ; this increase is likely dependent upon stimulation of PRL with estrogen. In the present study, we measured an increase in PRL mRNA in response to combined estradiol and BCO. It is possible that a stronger stimulus to PRL is required to increase mRNA abundance, that milder stimuli could not increase expression above the already elevated expression levels in late gestation ( fig. 3 ) . In adult human and animal subjects, PRL secretion is increased in response to stress [25, 26] . However, this does not appear to be true in the case of hypotension stress in the ovine fetus. In a study by Drummond et al. [27] , hemorrhage did not alter ovine fetal plasma PRL concentrations. Reports of PRL responsiveness to stress at delivery are inconsistent [28, 29] . It is an interesting possibility that PRL might stimulate adrenal steroidogenesis. Freemark and colleagues [30] [31] [32] have demonstrated that PRL receptors are expressed in the adrenal cortex of nonhuman primates and of rodents. Albrecht, Pepe, and collaborators [13, 33] have reported that, in the baboon, PRL stimulates fetal dehydroepiandrosterone secretion. It is possible, therefore, that in estrogen-treated fetuses PRL secretion in response to BCO contributes to the stimulation of adrenocortical cortisol secretion. Nevertheless, at present there is no evidence that PRL stimulates adrenocortical secretion in this species.
Gonadotropins and PRL
We know of no other studies demonstrating that LH mRNA is increased in response to either hypotension or cerebral hypoperfusion in the fetus, and we know of no studies in which LH responses to cardiovascular stimuli have been tested. Although novel in the fetus, the concept that LH secretion is modified by stress is not, by itself, new. For example, plasma LH concentrations in rats are increased after exposure to ether vapors [34] . Stress is perhaps more often associated with suppression of LH secretion, as reviewed by Breen and Karsch [35] . Although the LH mRNA abundance was significantly increased after BCO, the plasma concentrations were not ( fig. 3 ). Consistent with reports by Grumbach and colleagues [36, 37] , the circulating concentration of LH in fetal blood is low in late gestation, perhaps the result of negative feedback inhibition by circulating placental steroids. The data suggest that the increase in LH mRNA is not translated efficiently into protein and/or secreted into blood. This impaired translation is consistent with the reported dissociation of mRNA and secreted protein in response to inhibition of LH secretion by estrogen [38] . One interesting possibility is that, because of the common developmental origin of corticotropes and gonadotropes, and because of the similarity of the LH response to the POMC response to BCO [Wood and Keller-Wood, unpubl. obs.], it is possible that some of the POMC, LH, and perhaps FSH mRNA in the fetal pituitary might reside in pituitary cells that are immature and that do not actively secrete either peptide [39] . If this were true, the POMC peptides secreted in response to BCO would presumably originate in more fully differentiated cells. In support of this notion is the report by Bell et al. [40] that not all corticotropes express prohormone convertase 1: in other words, not all corticotropes are capable of secreting ACTH. Estradiol alone decreased LH and FSH mRNA. The increase in LH mRNA in response to BCO was not attenuated by estradiol, suggesting that the negative feedback inhibition of LH is on basal secretion only or, alternatively, that the feedback-sensitive pathways within the fetal brain are not involved in the stimulation of LH responses to BCO. Because fetal plasma estrogen concentrations increase in term fetuses [41] , negative feedback inhibition of LH might also explain the statistically significant decrease in LH mRNA in fetal sheep at 145 days of gestation compared to younger and older animals. The feedback effects of the sex steroids on LH and FSH are complex, comprised of both positive and negative feedback influences [42] .
Overall, the results of the present study reveal that, in response to relatively severe hypotension, pituitary LH mRNA abundance is increased but that the increase in mRNA is not accompanied by an increase in plasma concentrations of LH. These data are consistent with our overall thesis that increased estrogen action in the fetus in late gestation stimulates and coordinates an augmentation of the fetal response to stress.
